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The open-charm strong decays of higher charmonium states up to the mass of the 6P multiplet are systemati-
cally studied in the 3P0 model. The wave functions of the initial charmonium states are calculated in the linear
potential (LP) and screened potential (SP) quark model. The decay widths for most of the well-established
charmonium states above the open-charm thresholds can be reasonably described. By comparing our quark
model calculations with the experimental observations we also discuss the nature of some of the newly ob-
served charmonium-like states. It is found that (i) the ψ(4415) may favor the ψ(4S ) or ψ1(3D) assignment.
There may exist two highly overlapping vector charmonium states around 4.4 GeV; (ii) In the LP model the
JPC = 1−− Y(4660) resonance and the JPC = 0++ X(4500) resonance may be assigned as the ψ(5S ) and χc0(4P),
respectively; (iii) The newly observed state X∗(3860) can be assigned as the χc0(2P) state with a narrow width
of about 30 MeV; (iv) It seems to be difficult to accommodate the X(4140) and X(4274) states in the same
potential model as excited χc1 states. (v) The X(3940) resonance can be assigned as the ηc(3S ) state; (vi) The
vector charmonium-like states Y(4230/4260, 4360) and scalar X(4700) cannot be described by any conventional
charmonium states self-consistently in our model.
PACS numbers:
I. INTRODUCTION
During the last decade, many new charmonium-like
states above/near open-charm thresholds, such as X(3940),
X(4140/4274), Y(4230/4260), Y(4360), Y(4660), X(4500)
and X(4700), have been reported by the Belle, BaBar, LHCb,
BESIII, CLEO Collaborations and so on [1]. Lately, a new
charmonium-like state X∗(3860) was observed in the e+e− →
J/ψDD¯ process by the Belle Collaboration [2]. These newly
observed charmonium-like states have attracted a lot of atten-
tion from the hadron physics community. One obvious fea-
ture is that most of them have masses located around S -wave
open-flavor thresholds and cannot be easily accommodated by
the conventional quark model. Because of this, they have ini-
tiated tremendous interests and different ideas. Detailed re-
views on the status of these charmonium-like states can be
found in Refs. [3–9], where some of these states are catego-
rized as exotic hadrons.
Although there has been progress made during the past
years, there still exist many mysteries to be uncovered. As
we have known that exotic states with normal quantum num-
bers ( e.g. tetraquark states [3], hadronic molecules [6], char-
monium hybrids [10], and so on) can hardly be distinguished
from the normal ones, in order to understand exotic candi-
dates, one should also have a reasonable description of the
normal hadron spectrum. In the charmonium sector the low-
lying states can be very well described by non-relativistic
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potential quark model such as the Cornell model [11] and
Godfrey-Isgur model [12–14]. However, it is realized that the
open channel effects would become essential for higher ex-
cited states and it is still challenging to include such effects in
a coherent way [13, 15].
In order to understand these recently observed
charmonium-like states, a better understanding of the
charmonium spectrum can be regarded as a prerequisite. In
this work we take the strategy of studying systematically
the charmonium open flavor decays within the widely used
linear potential (LP) model [12–14] and screened potential
(SP) model [15, 16] such that most of the conventional
charmonium states can be identified by comparing with the
experimental measurements. Although it should be recog-
nized that the SP model may not be sufficient for including
the full open threshold effects, we anticipate that unusual
phenomena arising from such a study would indicate signals
for unconventional structures of some of those charmonium-
like states. In Ref. [17] the charmonium spectrum and their
electromagnetic (EM) transitions have been studied within
both LP and SP models. For the low-lying charmonium states
with a mass of M < 4.0 GeV, both models give comparable
predictions. However, for the higher charmonium states
with a mass of M > 4.1 GeV, the SP model gives very
different results from the LP model. For example, in the SP
model, the JPC = 1−− charmonium-like states Y(4260) and
Y(4360) are good candidates for the ψ(4S ) and ψ1(3D) states,
respectively, while the JPC = 1++ charmonium-like states
X(4140) may be assigned as the χc1(3P) state. In contrast,
there is no room for the charmonium-like states Y(4260),
Y(4360) and X(4140) in the LP model, the well-established
state ψ(4415) may be assigned to ψ(4S ) or ψ1(3D), and the
charmonium-like states X(4274) seems to be a candidate of
χc1(3P). Such a result has already shown different dynamic
2origins introduced by the color screening effects. To clarify
the nature of the newly observed charmonium-like states, we
continue to investigate the open-flavor strong decays in the
SP and LP models in this work. The differences between
these two models and their comparisons with experimental
observations can provide valuable information on the internal
structures of these charmonium-like states.
By adopting the wave functions of the charmonium states
calculated with the LP and SP models in our previous
work [17] their strong decay amplitudes can be calculated by
the widely used 3P0 model [18–24]. In this method, one as-
sumes that a qq¯ pair is produced from the vacuum with the
vacuum quantum numbers, JPC = 0++, and the decay of the
charmonium state takes place by regrouping the new qq¯ pair
created from the vacuum and the cc¯ in the initial state into the
outgoing open-charmmeson pair via a rearrangement process.
As an important topic in hadron physics, the open-charm
strong decays of the charmonium states are often discussed
in the literature [13, 22–46]. Several pioneering works can
be found in Refs. [22–24], where the open charm strong de-
cays of ψ(3770), ψ(4040), ψ(4160) and ψ(4415) have been
evaluated about forty years ago. Stimulated by first ob-
served charmonium-like resonance X(3872) at Belle [47] and
CDF [48], Eichten, Lane and Quigg analyzed the open charm
strong decays of charmonium states near threshold in the Cor-
nell coupled-channel model [36, 37]. In 2007, Ding, Zhu and
Yan considered the open flavor strong decays of Y(4360) and
Y(4660) as 33D1 and 5
3S 1 canonical charmonium in the sim-
ple harmonic oscillator wave function approximation in the
framework of flux tube model [38]. In 2008, Segovia et al.
calculated the open-flavor strong decays of the JPC = 1−−
charmonium states in the 3P0 model [25], where the new
X(4360) state was considered to be the ψ(4S ) state and the
ψ(4415) as the ψ1(3D) state, which differs from other as-
signments. In 2009, as conventional charmonium states, the
open-flavor strong decays of the newly observed resonances
X(3915) and X(4350) were studied by Liu et al. within the
3P0 model, the strong decay properties indicate that they may
be assigned as χc0(2P) and χc2(3P), respectively [44]. Further
studies of the open-flavor strong decays of P-wave charmo-
nium states were also carried out within the 3P0 model by sev-
eral groups in recent years [27–30]. It is found that X(3915)
may be disfavored the assignment of χc0(2P) [27, 28], the
X(4140) may favor the χc1(3P) state [29], while the newly ob-
served state X∗(3860) can be a good candidate of χc0(2P) with
a broad width [30]. Recently, the Bethe-Salpeter method was
also extended to deal with the open-charm strong decays of
several charmonium states [39–41]. However, as emphasized
earlier, systematic studies of the full spectrum are essential
for a better understanding of the underlying dynamics. Fur-
thermore, how to properly treat the strong S -wave threshold
interactions is a key issue for the description of near-threshold
states [6]. The SP model can partially account for such an ef-
fect which makes the systematic comparison between the LP
and SP model results interesting. Note that the most recent
systematic study of the strong decays of higher charmonium
states was carried out by Barnes, Godfrey and Swanson [13]
quite long ago. It is necessary to re-investigate in a system-
atic way the strong decays of the higher charmonium states
by combining the recent progress in theory and experiments.
The paper is organized as follows. In Sec. II, a brief in-
troduction to the 3P0 strong decay model is presented. In
Sec. III, we focus on the calculation results and discuss the
phenomenological consequences in comparison with the ex-
perimental data. A summary is given in Sec. IV.
II. 3P0 MODEL
In this work, we used the 3P0 model to calculate the Okubo-
Zweig-Iizuka (OZI) allowed strong decay widths for the char-
monium states above DD¯ threshold. The 3P0 model is a
model that describes the quark pair creation mechanism of
the OZI allowed strong decays based on the quark model.
It is firstly proposed by Micu [18] and then extended by Le
Yaouanc et al [19, 20]. This model has been widely applied
to deal with the open-charm strong decays of the charmonium
states [13, 22–34, 46]. In the 3P0 model, one assumes that
a quark-antiquark pair is produced from the vacuum with the
quantum number 0++ and the heavy meson decay takes place
via the rearrangement of the four quarks. Such a process is
empirically illustrated in Fig. 1.
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FIG. 1: The strong decay mechanism for meson two-body decays
A → BC in the 3P0 Model.
The quark pair creation process from vacuum can be de-
scribed as,
T = −3γ
√
96π
∑
m
〈1m1 − m|00〉
∫
dp3dp4δ
3(p3 + p4)
× Ym1
(
p3 − p4
2
)
χ341−mφ
34
0 ω
34
0 b
†
3i
(p3)d
†
4 j
(p4) , (1)
where γ is a dimensionless constant that denotes the strength
of the quark-antiquark pair creation with momentum p3 and
p4 from vacuum; b
†
3i
(p3) and d
†
4 j
(p4) are the creation opera-
tors for the quark and antiquark, respectively; the subscrip-
tions, i and j, are the SU(3)-color indices of the created quark
and anti-quark; φ34
0
= (uu¯ + dd¯ + ss¯)/
√
3 and ω34
0
= 1√
3
δi j
correspond to flavor and color singlets, respectively; χ34
1,−m is
a spin triplet state; and Yℓm(k) ≡ |k|ℓYℓm(θk, φk) is the ℓ-th
solid harmonic polynomial. The factor (−3) is introduced for
convenience, which will cancel the color factor.
3In the center-of-mass (c.m.) frame of the initial meson A,
the helicity amplitude can be written as,
MMJA MJB MJC (P) = γ
√
96π
∑
MLA ,MS A ,
MLB ,MS B ,
MLC ,MS C ,m
I
MLA ,m
MLB ,MLC
(P)
×〈LAMLA ; S AMS A |JAMJA〉
×〈1 m; 1 − m| 0 0〉〈LBMLB ; S BMS B |JBMJB〉
×〈LC MLC ; S C MS C |JC MJC 〉〈φ13B φ24C |φ12A φ340 〉
×〈χ13S B MS B χ
24
S C MS C
|χ12S A MS A χ
34
1−m〉 , (2)
with the integral in the momentum space,
I
MLA ,m
MLB ,MLC
(P) =
∫
d3p3Ψ
∗
nBLB MLB
(
m3P
m1 + m3
− p3
)
× Ψ∗nC LC MLC
( −m3P
m2 + m3
+ p3
)
ΨnALA MLA (P − p3)Y1m(p3).
(3)
In the above equations, (JA, JB and JC), (LA, LB and LC)
and (S A, S B and S C) are the quantum numbers of the
total angular momenta, orbital angular momenta and total
spin for hadrons A, B,C, respectively; in the c.m. frame
of hadron A, the momenta PB and PC of mesons B and
C satisfy PB = −PC ≡ P; m1 and m2 are the constituent
quark masses of the initial hadron A; m3 is the mass of the
anti-quark created from vacuum; ΨnALA MLA , ΨnBLB MLB and
ΨnC LC MLC are the radial wave functions of hadrons A, B andC,
respectively, in the momentum space, while φ12
A
, φ13
B
and φ24
C
(χ12
S A MS A
, χ13
S B MS B
and χ24
S C MS C
) are the flavor (spin) wave func-
tions of hadrons A, B and C, respectively; 〈φ13
B
φ24
C
|φ12
A
φ34
00
〉
and 〈χ13
S B MS B
χ24
S C MS C
|χ12
S A MS A
χ34
1−m〉 are the flavor and spin
matrix elements, respectively; 〈LAMLA ; S AMS A |JAMJA〉
and 〈LBMLB ; S BMS B |JBMJB〉, 〈LC MLC ; S C MS C |JC MJC 〉 and
〈1 m; 1 − m| 0 0〉 are the corresponding Clebsch-Gordan
coefficients.
A partial wave amplitude can be obtained by using the
Jacob-Wick formula [49]
MJL(A → BC) =
√
4π(2L + 1)
2JA + 1
∑
MJB ,MJC
〈L0JMJA |JAMJA〉
× 〈JBMJB JC MJC |JMJA〉MMJA MJB MJC (K),
(4)
where MJA = MJB + MJC , J ≡ JB + JC and JA ≡ JB + JC + L.
Then the strong decay width for a given decay mode of me-
son A is given by
Γ = 2π|P|EBEC
MA
∑
JL
∣∣∣∣MJL∣∣∣∣2, (5)
where MA is the mass of the initial hadron A, while EB and EC
stand for the energies of final hadrons B and C, respectively.
When calculating a decay width of a charmonium state, we
adopt the numerical wave function for a charmoniumstate cal-
culated by the LP and SP models from our previous work [17].
For the emitted charmedmesons in a decay process, such as D
and D∗, we use simple harmonic oscillator (SHO) wave func-
tions as an approximation,
ΨnLML (P) =
(−1)n(−i)L
β(3/2)
√
2n!
Γ(n + L + 3/2)
(
P
β
)L
× e−
P2
2β2 LL+1/2n
(
P2
β2
)
YLML (ΩP),
(6)
where β is the universal harmonic oscillator parameter, and
L
L+1/2
n
(
p2
β2
)
is an associated Laguerre polynomial.
To partly remedy the inadequacy of the nonrelativistic wave
function as the momentum P increases, a commonly used
Lorentz boost factor γ f is introduced into the decay ampli-
tudes [50–53]
M(P)→ γ fM(γ f P), (7)
where γ f ≡ MB/EB. In most decays, the three momenta P
carried by the final state mesons are relatively small, which
means the nonrelativistic prescription is reasonable and cor-
rections from the Lorentz boost are not drastic.
In our calculations, we set mu = md = 330 MeV, ms = 450
MeV and mc = 1483 MeV for the constituent quark masses.
The masses of the well-established hadrons in the final states
used in the calculations are adopted from the PDG [1]. In the
present work, both β and the pair creation strength γ are con-
sidered as free parameters, which are determined by fitting
the decay widths of the well-established charmonium states
ψ(3770), ψ(4040), ψ(4160) and χc2(2P). If we adopt the wave
function of a charmoniumstate calculated using the LPmodel,
we obtain β = 0.380 GeV and γ = 0.234. And if we adopt
the wave function of a charmonium state calculated using the
SP model, we have β = 0.356 GeV and γ = 0.217, which
are consistent with the LP results. With these parameters, the
decay widths of ψ(3770), ψ(4040), ψ(4160) and χc2(2P) can
be reasonably described in both LP and SP models (see Ta-
ble I). The strong decay properties for the higher charmonium
states up to the mass of the 6P multiplet have been listed in
Tables II-IX.
III. RESULTS AND DISCUSSION
A. Well-established cc¯ states
We choose four states above the DD¯ threshold to determine
the parameters in our model, i.e. ψ(3770), ψ(4040), ψ(4160),
and χc2(3927) which are broadly accepted as 1
3D1, 3
3S 1,
23D1, and 2
3P2 states, respectively. The first three states,
ψ(3770), ψ(4040), and ψ(4160), have been well-established
for a long time, while χc2(3927) was observed in experiment
quite recently. A good understanding of their strong decay
properties is the starting point for our study of the strong de-
cay properties of other charmonium states.
4TABLE I: Open-charm strong decay widths (in MeV) and decay
amplitudes (in GeV−1/2) for the four established charmonium states
ψ(3770), ψ(4040), ψ(4160) and χc2(3927). The experimental values
are taken from the PDG [1].
State Mode
LP model SP model Amps. (LP/SP)
Γth Br (%) Γth Br (%) [Γexp]
ψ(3770) D0D¯0 15 56 15 56 1P1=0.0921/0.0917
D+D− 12 44 12 44 1P1=0.086/0.0863
Total 27 100 27 100 [27 ± 1]
ψ(4040) D0D¯0 1.2 2.0 2.5 4.4 1P1=0.0156/0.0225
D+D− 0.9 1.6 2.2 3.8 1P1=0.0139/0.0211
D∗0D0 4.7 7.9 1.3 2.3 3P1=-0.0356/-0.0186
D∗+D− 6.0 10 2.1 38 3P1=-0.041/-0.0244
D∗0D∗0 23 39 25 44 1P1=-0.0277/-0.0285
5P1=0.1236/0.1275
D∗+D∗− 18 30 19 34 1P1=-0.0257/-0.0268
5P1=0.1151/0.1199
DsDs 5.9 9.0 3.3 7.3
1P1=0.0426/0.0377
Total 60 100 55 100 [80 ± 10]
ψ(4160) D0D¯0 6.1 7.9 7.0 8.4 1P1=0.0312/0.0333
D+D− 5.9 7.5 6.9 8.2 1P1=0.0307/0.0332
D∗0D0 1.4 1.9 3.5 4.1 3P1=-0.0166/-0.0257
D∗+D− 1.2 1.5 3.1 3.8 3P1=-0.015/-0.0246
D0∗D0∗ 27 35 27 34 1P1=-0.0139/-0.0061
5P1=0.0062/0.0027
5F1=0.0818/0.0848
D∗+D∗− 26 34 28 33 1P1=-0.0154/-0.0076
5P1=0.0069/0.0034
5F1=0.0803/0.0839
DsDs 0.6 0.2 0.9 0.3
1P1=0.0056/-0.007
Ds
∗Ds 10 13 2.7 7.8 3P1=-0.0548/-0.0454
Total 79 100 80 100 [70 ± 10]
χc2(3927) D
0D¯0 12 33 12 30 1D2=-0.057/-0.0566
D+D− 12 32 12 30 1D2=-0.0573/-0.0573
D∗0D0 7.8 21 9.5 23 3D2=-0.0623/-0.0688
D∗+D− 5.8 15 7.1 17 3D2=-0.0556/-0.0617
Total 38 100 41 100 [24 ± 6]
1. ψ(3770)
The ψ(3770) is assigned to be the 13D1 charmonium state
though a small S -wave component is allowed. This is the first
D-wave vector charmonium state in the spectrum and located
close to the DD¯ threshold. In principle, the production of a D-
wave state will be highly suppressed in e+e− annihilations due
to the heavy quark spin symmetry (HQSS) constraint. How-
ever, as found by experiment, the production cross section for
ψ(3770) is actually sizeable. It indicates quite large HQSS
breakings in the charmonium sector mainly because the charm
quark mass is not heavy enough. As the consequence, its non-
DD¯ branching ratio turns out to be much larger than a naive
estimate based on the HQSS (see e.g. Refs. [54–56] for a
modern view of this topical issue).
The dominant decay mode of ψ(3770) into DD¯ is driven by
the D-wave component in its wave function. By treating it as
a pure 13D1 state as the leading approximation, its strong de-
cay properties can be well understood within both LP and SP
models. Note that the differences of the momentum transfers
between the charged and neutral DD¯ meson pairs will intro-
duce isospin breaking effects to the ψ(3770)→ DD¯ couplings
in the 3P0 model. Taking into account such isospin break-
ing effects, we obtain the partial width ratio between the two
modes D0D¯0 and D+D−,
Γ(D0D¯0)
Γ(D+D−)
≃ 1.25, (8)
which is consistent with the world average value 1.26± 0.021
from the PDG [1].
2. ψ(4040)
The ψ(4040) resonance is assigned to be the 33S 1 charmo-
nium state in the potential quark model. Four open-charm
decay modes DD¯, DD¯∗+ c.c., D∗D¯∗ and DsD¯s have been seen
in experiment [1]. For convenience, we apply as follows the
abbreviations DD, DD∗, D∗D∗ and DsDs etc for the corre-
sponding charmed and anti-charmed meson pairs in the final
state. Its OZI allowed two-body strong decays in the LP and
SP models are calculated and listed in Table I.
We find that the total width Γ ∼ 60 MeV obtained in this
work is slightly smaller than the world average value 80 ±
10 MeV. The ψ(4040) mainly decays into the D∗D∗ channel.
Within the LP model, the partial width ratio
Γ(DD)
Γ(DD∗)
≃ 0.20, (9)
is consistent with the measured value 0.24± 0.05± 0.12 from
the BaBar Collaboration [57]. However, our calculation of
Γ(D∗D∗)
Γ(DD∗)
≃ 3.8 (10)
seems to be much larger than the measured value 0.18±0.14±
0.03 from the BaBar Collaboration [57].
In the SP model the partial width ratios are
Γ(DD) : Γ(DD∗) : Γ(D∗D∗) ≃ 1 : 0.7 : 10, (11)
which is very different from the results of the LP model and
the calculations of other works [13, 37, 43].
It should be noted that the decay channel of ψ(4040) →
D∗D∗ is quite sensitive to the kinematics due to the limited
phase space. Furthermore, the partial width ratios extracted in
various models seem not to agree with the data. Interestingly,
the dominance of the D∗D∗ decay channel is supported by the
data for e+e− → D∗D∗ from Belle [58], and the recent analy-
ses of Ref. [59] by solving the Lippmann-Schwinger equation
and lineshape studies in Ref. [60]. It shows that an improved
measurement of the exclusive decays of ψ(4040) and reliable
extraction of its resonance parameters are needed.
3. ψ(4160)
The ψ(4160) is assigned to be the 23D1 charmonium state
in the quark model. Four open-charm decay modes DD, DD∗
5D∗D∗ and DsD∗s have been seen in experiments [1]. Its OZI
allowed two-body strong decays using the wave functions cal-
culated by the LP and SP models are evaluated, respectively,
and the results are listed in Table I.
It shows that the measured width of ψ(4160), Γ ≃ 70 ± 10
MeV, can be well described by both the LP and SP models.
The decay rate of ψ(4160) into DsDs is tiny, which can explain
why the DsDs mode is not seen in experiment. In the main
decay channels of ψ(4160), our calculation gives
ψ(4160)→ D∗D∗ > DD > DD∗, (12)
which is consistent with the result of Ref. [13]. Using the
wave function calculated by the LP model, we find that
Γ(DD) : Γ(DD∗) : Γ(D∗D∗) ≃ 4 : 1 : 20, (13)
which is similar to the ratios, 4 : 2 : 20, calculated by the SP
model. However, these two ratios are very different from the
measured ratios Γ(DD) : Γ(DD∗) : Γ(D∗D∗) ≃ 1 : 17 : 50
from the BaBar Collaboration [57]. Notice that in these P-
wave decay channels there exist obvious interfering effects be-
tween ψ(4040) and ψ(4160). A coherent partial wave analysis
combining all these exclusive channels seems to be necessary
for extracting the resonance parameters for these two states. It
should be mentioned that the measured ratios cannot also be
well understood in some existing models [37, 43].
4. χc2(2P)
The X(3927) was observed in the γγ → DD¯ process by the
Belle [61] and BaBar [62] collaborations, and has been a good
candidate for χc2(2P). We study its strong decay properties in
both LP and SP models and the results are listed in Table I.
It shows that both models give similar strong decay proper-
ties for this state. The total width of χc2(2P) is predicted to be
Γ ≃ 40 MeV, which is close to the upper limit of the measure-
ments. The χc2(2P) dominantly decays into the DD channel,
while the decay rate into the D∗D channel is also sizeable.
The branching fraction Br[χc2(2P) → D∗D] can reach up to
∼ 40%. In the LP model, the partial width ratio is found to be
Γ(D∗D)
Γ(DD)
≃ 0.55, (14)
which is slightly smaller than the ratio 0.68 obtained in the
SP model. The D∗D decay mode can be searched in e+e− →
γD∗D which is also the channel accessible for X(3872) as pre-
dicted in Ref. [63].
B. Candidates of higher cc¯ states with JPC = 1−−
The higher vector charmonium states, ψ(4S ), ψ(5S ) and
ψ1(3D), are still not well-established. During the past decade,
several JPC = 1−− charmonium-like states, Y(4230, 4260),
Y(4360) and Y(4660), have been observed in experiment [1].
Some of them exhibit unusual properties that are very different
from the expectations as conventional cc¯ states. In addition,
although ψ(4415) has been well-established in experiment, its
structure and quark model assignment still need to be studied.
1. Y(4230, 4260)
The Y(4260) state turns out to be a mysterious state from
the very beginning. It was first reported by the BaBar Collab-
oration in the initial state radiation e+e− → γISRJ/ψπ+π− [64],
and then confirmed by CLEO-c [65] and Belle [66] experi-
ments in the same channel. However, its presence in open
charm decay channels is not obvious at all, which has pro-
voked a lot of theoretical interpretations in the literature.
Comprehensive reviews can be found in several recent re-
view articles [3, 4, 6–8]. Recently, following the discovery
of charged charmonium-like state Zc(3900) in e
+e− → J/ψππ
at the c.m. energy of 4.26 GeV [67], the BESIII Collaboration
observed more detailed structures around the Y(4260) in sev-
eral exclusive decay channels, namely, J/ψππ [68], hcππ [69],
ωχc0 [70, 71], and D
0D∗−π+ + c.c. [72]. In particular, in
Ref. [72] by treating these two structures around 4.23 and
4.29 GeV as from two Breit-Wigner states, a narrow reso-
nance Y(4230) and a relatively broad resonance Y(4260) are
extracted.
However, as studied in a series of works in Refs. [60, 73–
77], the energy region of Y(4260) is close to the first nar-
row S -wave open charm threshold DD1(2420). Therefore, a
strong near-threshold S -wave coupling can dynamically gen-
erate molecular state, which can then mix with nearby vector
charmonium state and cause nontrivial near-threshold struc-
tures. In such a hadronic molecule scenario, the structures
observed in these exclusive decay channels can be accounted
for by the dynamics introduced by the DD1(2420) threshold.
The interesting phenomena arising from the 4.26 energy re-
gion is also a challenge for potential quark models in the study
of the cc¯ spectrum. In the LP model, it is almost impossible
to accommodate the mass of Y(4230, 4260) in the spectrum.
In contrast, in the SP model the mass of ψ(4S ) is found to
be around 4.28 GeV. This might indicate the important role
played by the S -wave threshold of DD1(2420) which can be
partially accounted for by the screening effects. Therefore, if
we assume that Y(4260) is dominated by the ψ(4S ) compo-
nent in the wave function, we can investigate its decay prop-
erties as a charmonium state. As shown by the results listed
in Table II, we find that Y(4260) should be a very narrow state
with a width of ∼ 14 MeV, and its strong decays are domi-
nated by the D∗D∗ mode. Although such a result is consistent
with that from Ref. [78] and several consequent works [79–
81] with the assignment of Y(4260) as the ψ(4S ) state, the
narrowwidth does not agree with the measured value of about
55± 19 MeV [1]. Note that such a solution also cannot be ac-
commodated by the two-state fitting performed by Ref. [72].
Another issue is that if we assign Y(4260) to ψ(4S ), we will
be unable to understand the decay properties of ψ(4415) in the
SP model at all, which will be discussed later.
6TABLE II: Open-charm strong decay properties for the S -wave charmonium states in the LP and SP models. The widths listed in the brackets
are calculated with the masses of observations.
State
Decay LP model SP model Amps. (GeV−1/2) Mass (MeV)
mode Γth (MeV) Br (%) Γth (MeV) [13] Br(%) [13] Γth (MeV) Br (%) LP/SP LP/SP
ηc(3S ) D
∗D 21 [79] 28 47 59 5.7 [40] 100 3P0=0.0749/ 0.0255 4048/4004
D∗D∗ 54 [...] 72 33 41 ... ... ... 3P0=0.1838/ 0.0339 [3940/3940]a
Total 75 [79] 100 80 100 5.7 [40] 100
ψ(4S ) DD 1.7 2.6 0.4 0.5 2.3 19 1P1=0.0145/ 0.0181 4415/4281
D∗D 1.0 1.5 2.3 2.9 1.0 7.8 3P1=0.008/ 0.0126
D∗D∗ 3.8 5.7 16 21 5.8 47 1P1=-0.0054/ -0.0074
5P1=0.0239/ 0.0332
DsDs 0.09 0.1 1.3 1.6 0.1 0.8
1P1=0.0035/ 0.0042
D∗sDs 3.3 5.0 2.6 3.3 3.1 26
3P1=0.0239/ 0.0269
D∗s D
∗
s 3.8 5.7 0.7 0.8 0.05 0.4
1P1=0.0064/ -0.001
5P1=-0.0286/ 0.0047
DD1 12 18 31 40 ... ...
3S 1=0.00004/ ...
3D1=0.0578/ ...
DD
′
1 16 24 1.0 1.2 ... ...
3S 1=-0.0678/ ...
3D1=0.00004/ ...
DD2 17 25 23 29 ... ...
5D1=-0.0746/ ...
D∗D0 8.7 13 0.0 0.0 ... ... 3S 1=0.0531/ ...
Total 67 100 78 100 12 100
ηc(4S ) D
∗D 0.3 0.5 6.3 10.3 0.5 2.8 3P0=0.0067/ -0.0095 4388/4264
D∗D∗ 5.6 8.5 14 22.9 6.5 34 3P0=0.0303/ 0.0368
Ds
∗Ds 5.7 8.7 2.2 3.6 4.6 24 3P0=-0.0321/ -0.0332
D∗s D
∗
s 1.6 2.5 2.2 3.6 0.4 1.9
3P0=-0.0199/ 0.0136
DD0 24 36.7 11 18.0 7.4 38
1S 0=0.0731/ 0.0521
DD2 28 43.1 24 39.3 ... ...
5D0=-0.1068/ ...
Total 66 100 61 100 19 100
ψ(5S ) DD 0.6 [0.3] 1.1 ... ... 1.1 [0.6] 6.6 1P1=0.0075/ 0.0113 4711/4472
D∗D 1.2 [0.2] 2.1 ... ... 1.5 [0.3] 8.8 3P1=0.0112/ 0.0137 [4643/4415]a
D∗D∗ 0.0 [0.7] 0.0 ... ... 0.2 [1.4] 0.9 1P1=0.0001/ -0.001
5P1=0.0003/ 0.0045
DsDs 0.0 [0.04] 0.0 ... ... 0.0 [0.04] 0.0
1P1=0.0002/ -0.0001
Ds
∗Ds 0.3 [0.6] 0.5 ... ... 0.5 [0.9] 3.3 3P1=0.055/0.0092
Ds
∗D∗s 1.5 [1.4] 2.5 ... ... 1.3 [0.5] 7.8
1P1=0.003/0.0035
5P1=-0.0134/-0.0155
DD1 0.06 [0.6] 0.1 ... ... 1.0 [1.6] 6.1
3S 1=0.00002/0.00002
3D1=-0.003/0.0152
DD
′
1
10 [10 ] 17.5 ... ... 5.2 [1.7 ] 31 3S 1=-0.038/-0.0349
DD2 0.12 [1.6] 0.2 ... ... 1.7 [1.0] 9.9
5D1=-0.0041/-0.0206
D∗D0 11 [10 ] 18.3 ... ... 3.8 [0.5 ] 23 3S 1=0.0392/0.0308
D∗D1 4.3 [5.7] 7.3 ... ... 0.2 [...] 1.4 3S 1=-0.00003/0.0
3D1=0.0134/0.0052
5D1=0.0232/0.009
D∗D
′
1
18 [8.3] 30.3 ... ... 0.3 [...] 1.5 3S 1=-0.0551/-0.0113
5D1=-0.00002/0.0
D∗D2 12 [7.8] 20.1 ... ... 0.0 [...] 0.0 3D1=0.0073/-0.0001
5D1=-0.094/0.0002
7D1=-0.0445/0.0009
Total 58 [47 ] 100 ... ... 17 [8.4] 100
ηc(5S ) D
∗D 0.5 0.7 ... ... 1.7 11 3P0=-0.0075/-0.0147 4690/4459
D∗D∗ 0.4 0.6 ... ... 0.3 2.0 3P0=0.0067/0.0065
Ds
∗Ds 0.8 1.3 ... ... 0.9 6.4 3P0=-0.0099/-0.0123
Ds
∗Ds∗ 1.4 2.1 ... ... 1.0 6.6 3P0=-0.0134/-0.014
DD0 13 18.9 ... ... 7.1 48
1S 0=0.0404/0.0365
DD2 2.0 3.0 ... ... 3.4 23
5D0=-0.0176/-0.0301
D1D
∗ 11 15.9 ... ... 0.07 0.5 1S 0=-0.00004/0.0
5D0=-0.0433/-0.0062
D∗D′
1
26 41.3 ... ... 0.4 2.9 1S 0=0.0706/-0.0168
1S 0=0.00003/0.0
D∗D2 11 16.1 ... ... ... ... 5D0=-0.0455/
Total 67 100 ... ... 15 100
aObserved mass from the PDG [1].
72. ψ(4415)
In the LP model the calculated masses of ψ(4S ) and ψ1(3D)
are located around ∼ 4.4 GeV. Thus, the ψ(4415) might be
a good candidate for ψ(4S ) or ψ1(3D) as broadly discussed
in the literature. In contrast, in the SP model, the ψ(4415)
is suggested to be a candidate of ψ(5S ). We discuss these
possibilities below with details.
Assuming ψ(4415) as the ψ(4S ) state in the LP model,
the calculated decay widths are listed in Table II. It shows
that the predicted total width, Γ ≃ 67 MeV, is consistent
with the measured value 62 ± 20 MeV [1]. The main de-
cay modes are DD2, DD
′
1
, DD1 and D
∗D0 1. The branch-
ing fractions of Br[ψ(4415) → DD2, DD′1, DD1, D∗D0] areO(10%). Our results for some channels are significantly dif-
ferent from those in [13]. This difference is mainly due to the
different wave functions of initial states. For example, in the
ψ(4415) → D∗D∗
0
case, if the wave function of initial state
ψ(4415) in Ref. [13] is replaced by that of our LP model, we
get a larger partial wave amplitude 3S 1 = −0.1426 GeV−1/2
than 3S 1 = −0.00087 GeV−1/2 obtained in Ref. [13]. This re-
flects the fact that the integral part I
MLA ,m
MLB ,MLC
(P) is sensitive to
the node position of the wave function of initial states.
In particular, the branching fraction of Br[ψ(4415) →
DD2] ∼ O(10%) is consistent with the observations of Belle
Collaboration [82]. The decay rates into D∗D∗, DD, D∗D
and D∗sDs are relatively small with typical branching frac-
tions O(1%). Our calculation result for the decay rate of
ψ(4415) → DsDs is tiny, i.e., Br[ψ(4415) → DsDs] < 10−4.
The present data for e+e− → D∗sD∗s are still with large uncer-
tainties [83] though some hints of enhancement around 4.415
seem to be present. Further improvedmeasurement is strongly
recommended.
In the LP model the partial width ratio between the DD and
D∗D∗ channel is
Γ(DD)
Γ(D∗D∗)
≃ 0.45, (15)
which is close to the upper limit 0.29 measured by BaBar col-
laboration [57]. The ratio between D∗D and D∗D∗,
Γ(D∗D)
Γ(D∗D∗)
≃ 0.26, (16)
is also consistent with the measured value 0.17 ± 0.28 within
uncertainties.
Assuming ψ(4415) as the ψ1(3D) state in the LP model,
the calculation results are listed in Table IX. It is found that
the calculated total width, Γ ∼ 60 MeV, is compatible with
the measured value of ψ(4415). The decays of ψ1(3D) are
1 In this work, D1 and D
′
1
stand for the narrow state D1(2420) and broad
state D1(2430) listed in the PDG [1], respectively, which are considered
to be mixed states via 3P1-
1P1 mixing as defined in Ref. [53]. While D0
and D2 stand for the states D0(2400) and D2(2460) listed in the PDG [1],
respectively.
governed by DD1. The branching fraction of Br[ψ(4415) →
DD1] can reach up to 50%. The decay rates into D
∗D∗, D∗D0,
DD′
1
and DD2 are sizeable and with the branching fractions
of Br[ψ(4415)→ D∗D∗, D∗D0, DD′1, DD2] at O(10%). The
partial width ratio
Γ(DD)
Γ(D∗D∗)
≃ 0.18, (17)
is in the range of 0.14 ± 15 measured by BaBar Collabora-
tion [57], while the partial width radio
Γ(D∗D)
Γ(D∗D∗)
≃ 0.03, (18)
is also in the range of data 0.17 ± 0.28 [57].
Finally, we consider the possibility of ψ(4415) as the ψ(5S )
state in the SP models [15, 17]. This is based on the assign-
ment that in the SP model the mass of ψ(4S ) is found to be
around 4.28 GeV as investigated in Subsection III B 1. With
this hypothesis, the strong decay properties of ψ(4415) are
calculated and listed in Table II. The results from such an as-
signment turns out to be inconsistent with the observations of
ψ(4415).
In brief, it shows that the present data cannot distinguish
the assignments of ψ(4415) as ψ(4S ) or ψ1(3D) in the LP
model, while its assignment as the ψ(5S ) in the SP model
cannot be supported. It should be mentioned that at the mass
of 4.4 GeV, the nearby S -wave open-threshold may introduce
coupled-channel effects of which if the interaction is strong
enough, it can dynamically generate poles in a unitarized for-
mulation and mix with the charmonium state. A recent study
of the dynamic effects arising from the nearby Ds0(2317)D
∗
s
and Ds1(2460)Ds thresholds and their impact on the prop-
erty of ψ(4415) can be found in Ref. [84]. Taking into ac-
count that both the ψ(4S ) and ψ1(3D) states are likely located
within this energy region, it is also possible that there may ex-
ist two highly overlapping vector charmonium states around
4.4 GeV. More accurate measurements and more observables
are needed in order to understand the vector spectrum above
4 GeV in the future.
3. Y(4360)
In the vector charmonium spectrum, the Y(4360) resonance
was first reported by the BaBar Collaboration in e+e− →
ψ(2S )π+π− [85]. Later, the Belle Collaboration confirmed
this state in the same channel [86]. The interesting fea-
ture about Y(4360) is its presence in the hidden charm decay
channel but seems to be absent from the open charm decays.
This is very similar to Y(4260) when it was first observed in
e+e− → J/ψππ. This mysterious state has also initiated many
theoretical studies with different possible solutions [3, 6, 8] in-
cluding possible open-charm effects which can mix and shift
the nearby charmonium state.
In the SP model, the mass of ψ1(3D) is estimated to be
4.32 GeV. Considering only the mass position, Y(4360) can
be a good candidate of the ψ1(3D). Our calculation results
8are listed in Table IX. It shows that the ψ1(3D) resonance
should be a very narrow state with a width of Γ ≃ 20 MeV,
and its decays should be dominated by the D∗D∗, DD and
DD1 modes. In contrast with the experimental value of the
width, i.e. Γ = 102±9MeV, the calculated width of ψ1(3D) is
too small. Moreover, it has not been observed in open-charm
decay channels. Note that the SP model has partly included
the open-charm effects, the mismatching of Y(4360) as the
ψ1(3D) state with the experimental measurement has reflected
some unusual properties of Y(4360).
4. Y(4660)
The Y(4660) was observed in association with Y(4360)
by the Belle Collaboration in e+e− → ψ(2S )ππ [86]. Its
assignment is still controversial though by filling the lower
states with some of these observed enhancements, it leaves the
ψ(5S ) as a possible option. However, it should be pointed out
that the S -wave open-charm threshold D∗D2 is located nearby.
Therefore, possible contributions from the open-channel ef-
fects or dynamically generated state cannot be ruled out [6].
In the SP model, the mass of ψ(5S ) is lower than 4.6 GeV
and in Subsection III B 2 the assignment of ψ(4415) as the
ψ(5S ) has been discussed. The results show that ψ(4415) does
not favor such an assignment. In the LP model, the mass of
ψ(5S ) is predicted to be 4711 MeV, which is about 50 MeV
larger than the mass of Y(4660). As the nearest state we inves-
tigate its strong decay properties as the ψ(5S ), and the results
are listed in Table II.
It shows that the calculated width ∼ 50 MeV is close to
the measured value Γ = 70 ± 11 MeV. The main open-charm
decay channels include DD′
1
, D∗D0, D∗D1, D∗D′1 and D
∗D2
with the branching fractions at the order of 10−20%. As men-
tioned earlier, the Y(4660) was observed in e+e− → ψ(2S )ππ
instead of open-charm decay channels. Therefore, further ex-
perimental studies confirming or denying its contributions to
these open-charm decay channels should be essential for de-
termining its nature.
C. Candidates of higher cc¯ states with JPC = 1++
The higher cc¯ states with JPC = 1++, such as χc1(2P),
χc1(3P) and χc1(4P), are still not established. During the past
decade, several JPC = 1++ charmonium-like states, X(3872),
X(4140) and X(4274), have been observed in experiments.
They might be good candidates of the missing JPC = 1++ cc¯
states, but associated by non-trivial dynamics.
1. X(3872)
The X(3872) resonance has the same quantum numbers as
χc1(2P) (i.e., J
PC = 1++) but with a much lighter mass than
potential quark model predictions. Its mass is close to the
DD∗ threshold and makes it an ideal candidate for the DD∗
hadronic molecule. Various scenarios have been discussed
in the literature for which recent reviews can be found in
Refs. [3, 4, 6–8]. It is now broadly accepted that the X(3872)
has both a long-ranged molecular wave function and a short-
ranged compact cc¯ component [35, 46, 87–89]. It can be
viewed as the mixture of the DD¯∗ + c.c.molecule and χc1(2P)
combined by a unitarized strong S -wave interaction [87] (see
e.g. Ref. [6] for a detailed review). According to other authors
the X(3872) can be interpreted as as cc¯ core plus continuum
(meson-meson) components, like DD¯, DD¯∗, and so on as in
Refs. [35, 46, 88, 89].
We do not expect that the LP and SP model can explain the
observed properties of X(3872) by treating it as the χc1(2P)
state. But as a test of the potential model calculations we
consider X(3872) as the χc1(2P) state and calculate its strong
decays into D0D∗0. It shows that a strong coupling can be ex-
tracted and the dominance of the partial widths of X(3872)→
D0D∗0 (if the input mass is higher than the threshold) is con-
sistent with the experimental observations. We also predict the
width of X(3872) by using its physical mass 3871.69 ± 0.17
MeV [1] in the 3P0 model, which gives a decay width of Γ < 7
MeV. It turns out to be that the decay width is very sensitive to
the mass of X(3872). As the physical mass of X(3872) is very
close to the D0D¯∗0 threshold, the line shape of D∗0 should be
taken into account. This effect can be included by using the
quasi-two-body decay formula [46, 90–93]
Γ[D0(Dπ)D∗0] = 2
∫ kmax
0
dkk2
∑
J,L
|MJL(X(3872)→ D0D¯0∗)|2
× ΓD¯0∗→D¯0π0 (k)|MX(3872) − ED¯0∗ (k) − ED0(k)|2 + 14Γ2D¯0∗
,
(19)
where MJL(X(3872) → D0D¯0∗) is the 3P0 amplitude de-
fined in Eq.(4), ΓD¯0∗→D¯0π0 (k) is the energy-dependent de-
cay width of the unstable meson D¯∗0 worked out within
the chiral quark model [53], and ΓD¯∗0 is the total de-
cay width of D¯∗0. According to PDG, we have ΓD¯∗0 =
ΓD¯0∗→D¯0π0/0.65 [1]. As the unstable meson D∗0 can
slightly off shell, its momentum k can range from 0 to
kmax =
√
M2
X(3872)
−(M
D¯0
+M
π0
+M
D0
)2
√
M2
X(3872)
−(M
D¯0
+M
π0
−M
D0
)2
2MX(3872)
. Us-
ing Eq.(19), we plot the decay width of X(3872) as a func-
tion of its mass within one sigma range in Fig. 2. We
can see that there is no zero decay width when X(3872) un-
der D0D0∗ threshold as D0∗ can be off shell. When the
D0D0∗ threshold opens, the decay width of X(3872) increases
rapidly. Finally, the decay width of X(3872) is predicted to be
Γ[X(3872)] ≃ 2 MeV when we take the world average mass
mX(3872) = 3871.69 MeV from the PDG [1]. This result is
consistent with the measured widths in experiments [94, 95].
We mention that the radiative transitions of X(3872) →
ψ(2S )γ and J/ψγ were studied in Ref. [17, 46], where the
X(3872) was also treated as the χc1(2P) state. It also shows
that the radiative decay properties are consistent with the ob-
servations from the BaBar [96] and LHCb [97]. This feature
was regarded as evidence for X(3872) being the χc1(2P) state.
However, as studied by Refs. [98, 99] the radiative decays of
X(3872) are shown to be driven by the short-ranged compo-
9TABLE III: Open-charm strong decay properties for the 2P and 3P charmonium states in the LP and SP models. The widths listed in the
brackets are calculated with the masses of observations.
State
Decay LP model SP model Amps. (GeV−1/2) Mass (MeV)
mode Γth (MeV) Br (%) Γth (MeV) [13] Br(%) [13] Γth (MeV) Br (%) LP/SP LP/SP
χc1(2P) D
0∗D¯0 48 47 ... ... 60 47 3S 1=0.1365/0.3192 3937/3914
3D1=-0.0531/-0.00002
D+∗D−∗ 54 53 ... ... 67 53 3S 1=0.1542/0.1784
3D1=-0.0453/-0.0432
Total 102 100 165 100 127 100
χc0(2P) D
0D¯0 9.3 42 ... ... 12 43 1S 0=-0.0541/-0.0635 3869/3848
D+D− 13 59 ... ... 16 57 1S 0=-0.0649/-0.0763
Total 22 100 30 100 28 100
hc(2P) D
∗D 64 100 87 100 68 100 3S 1=0.1346/0.1806 3940/3916
3D1=0.1044/0.0825
χc2(3P) DD 8.1 [8.5] 19 8.0 12 7.3 24
1D2=-0.0334/-0.0336 4310/4211
D∗D 17 [21] 40 2.4 3.6 13 43 3D2=-0.0509/-0.0491 [4351/...]a
D∗D∗ 4.2 [5.6] 9.8 24 36 7.1 24 1D2=-0.0067/-0.0017
5S 2=0.0205/0.0407
5D2=0.0179/0.0046
DsDs 1.0 [1.8] 2.0 0.8 1.2 0.6 2
1D2=0.0133/0.0111
Ds
∗Ds 0.3 [0.1] 0.7 11 17 1.4 4.7 3D2=-0.0074/-0.0202
Ds
∗Ds∗ 4.8 [8.7] 11 7.2 11 ... ... 1D2=-0.012/...
5S 2=-0.0226/...
5D2=0.0317/...
DD1 1.0 [7.3] 2.3 1.1 1.7 ... ...
3P2=-0.02/...
3F2=-0.0169/...
DD′
1
7.3 [18] 17 12 18 ... ... 3P2=-0.0787/...
DD2 ... [6.1] ... ... ... ... ...
D∗D0 ... [11] ... ... ... ... ...
Total 43 [88] 100 66 100 30 100
χc1(3P) D
∗D 7.1 [6.2] 31 6.8 17 5.3 [4.6] 37 3S 1=-0.0033/0.0035 4284/4192
3D1=-0.034/-0.0315
D∗D∗ 0.2 [0.01] 0.8 19 49 1.1 [6.6] 7 5D1=0.0055/-0.0164 [4274/4140]a
D∗s Ds 11 [11] 48 9.7 25 8.0 [2.7] 56
3S 1=-0.047/-0.0445
3D1=-0.0154/-0.0234
Ds
∗Ds∗ 5.5 [4.1] 24 2.7 6.9 ... [...] ... 5D1=0.0477/...
DD0 0.001 [0.01] 0.004 0.1 0.2 ... [...] ...
3P1=0.0007/0.0035
Total 23 [21] 100 39 100 14 [14] 100
χc0(3P) DD 0.04 0.1 0.5 1.0 0.08 0.2
1S 0=-0.0022/-0.0036 4230/4146
D∗D∗ 21 64 43 84 30 77 1S 0=-0.0414/-0.0401
5D0=-0.0551/-0.0858
DsDs 8.9 27 6.8 13 9 23
1S 0=0.0416/0.0472
Ds
∗Ds∗ 2.7 8.0 ... ... ... ... 1S 0=-0.0594/...
5D0=0.0103/...
Total 33 100 51 100 39 100
hc(3P) D
∗D 14 32 3.0 4.0 11 37 3S 1=-0.0039/-0.0011 4285/4193
3D1=0.0484/0.0452
D∗D∗ 4.8 11 22 29 7.5 25 3S 1=0.0305/0.0418
3D1=0.059/-0.0116
D∗s Ds 6.5 15 15 20 6.3 21
3S 1=-0.0323/-0.0312
3D1=0.0205/0.0319
Ds
∗Ds∗ 3.6 8.0 7.5 10 ... ... 3S 1=-0.0002/...
3D1=0.0386/...
DD0 15 34 28 37 5.0 17
1P1=0.0693/0.0736
Total 44 100 75 100 30 100
aObserved mass (MeV) from the PDG [1].
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TABLE IV: Open-charm strong decay widths and amplitudes for the 4P charmonium states in the LP and SP models. The widths listed in the
brackets are calculated with the masses of observations.
State Mode
Width (MeV) Amps. (GeV−1/2)
State Mode
Width (MeV) Amps. (GeV−1/2)
LP SP LP/SP LP SP LP/SP
χC2(4P) DD 3.23 3.34
1D2=0.0181/-0.0202 χc1(4P) D
∗D 5.39 3.63 3S 1=0.0142/-0.0074
4614a/4416b D∗D 7.53 7.1 3D2=0.0288/-0.0144 4590a/4402b 3D1=0.0202/-0.039
D∗D∗ 2.39 1.52 1D2=0.06/-0.0053 D∗D∗ 3.07 0.84 5D1=-0.0196/0.0116
5S 2=0.002/0.0039 D
∗
s Ds 0.74 2.17
3S 1=0.0097/-0.0193
5D2=-0.0158/0.014
3D1=-0.0016/-0.0030
DsDs 0.43 0.46
1D2=-0.007/0.0081 D
∗
s D
∗
s 0.79 1.21
5D1=-0.011/0.0168
D∗s Ds 0.14 0.01
3D2=-0.0043/0.0011 DD0 0.05 0.02
1P1=0.0028/-0.0021
D∗sD
∗
s 2.10 1.86
1D2=0.0023/-0.0037 DD1 0.08 2.49
3P1=-0.0036/0.027
5S 2=0.0165/-0.0176 DD
′
1
3.50 3.32 3P1=0.0247/-0.032
5D2=-0.0061/0.0097 DD2 2.15 2.6
5P1=0.0171/-0.0294
DD1 4.79 0.16
3P2=-0.0008/-0.0042
5F1=-0.0103/-0.0088
3F2=0.0281/-0.0053 D
∗D0 3.68 1.53 3P1=-0.0258/0.0234
DD′
1
2.16 3.53 3P2=0.019/-0.0319 D
∗D1 9.51 ... 1P1=0.0004/...
DD2 1.56 0.69
5P2=-0.0032/0.0146
3P1=-0.0176/...
5F2=-0.0163/-0.0042
5P1=-0.0417/...
D∗D0 3.40 2.30 3P2=-0.0242/0.0274 5F1=-0.0125/...
D∗D1 1.78 ... 3P2=0.0033/... D∗D′1 7.29 ...
1P1=0.0003/...
3F2=-0.0045/...
3P1=-0.0418/...
5P2=0.0176/...
5P1=-0.0007/...
5F2=-0.0064/... D
∗D2 6.78 ... 3P1=-0.0071/...
D∗D′
1
9.23 ... 3P2=-0.0451/...
5P1=0.0123/...
5P2=0.0005/...
5F1=0.007/...
D∗D2 15.5 ... 3P2=0.0018/... 7F1=0.0394/...
3F2=-0.0056/...
5P2=-0.0055/...
5F2=0.059/...
7P2=-0.0576/...
7F2=0.0183/...
Total 54.2 21.0 Total 43.0 17.8
χc0(4P) DD 0.1 [0.5] 0
1S 0=0.0037/0.0006 hc(4P) D
∗D 8.17 8.03 3S 1=0.0101/-0.011
4544a/4367b D∗D∗ 2.0 [03.5] 3.66 1S 0=0.0152/0.0186 4591a/4402b 3D1=-0.0286/0.0315
[4506c] 5D0=0.0057/0.0306 D
∗D∗ 2.09 1.41 3S 1=-0.0008/0.0046
DsDs 2.2 [2.6] 2.25
1S 0=-0.0163/-0.0186
3D1=-0.0161/0.0143
D∗sD
∗
s 4.3 [3.4] 1.21
1S 0=-0.0109/-0.0031 D
∗
s Ds 0.4 0.59
3S 1=0.0068/-0.0102
5
0
=-0.0246/-0.0176 3D1=0.0023/0.0006
DD1 18 [22] 5.27
3P0=0.0584/0.0434 D
∗
s D
∗
s 1.47 1.19
3S 1=0.0121/-0.0116
DD′
1
11 [8.6] 0.17 3P0=0.0457/0.0081
3D1=-0.0089/0.0119
D∗D0 10 [7.6] 0.22 3P0=-0.0454/0.0102 DD0 0.49 2.42 1P1=-0.0085/0.0227
D∗D1 2.8 [0.04] ... 3P0=0.0281/... DD1 0.01 0 3P1=0.0011/0.0001
D∗D′
1
1.1 [1.0] ... 3P0=-0.018/... DD
′
1
0.01 0 3P1=-0.0014/-0.0003
D∗D2 16 [4.5] ... 3P0=-0.0025/... DD2 2.46 2.27 5P1=-0.0153/0.0276
7F0=0.0736/...
5F1=-0.0148/-0.0081
D∗D0 0.01 0 3P1=0.0011/0.0007
D∗D1 7.95 ... 1P1=0.00003/...
3P1=0.0002/...
5P1=-0.0392/...
5F1=0.0173/...
D∗D′
1
11.1 ... 1P1=-0.0514/...
3P1=0.0008/...
D∗D2 7.51 ... 3P1=0.0008/...
5P1=-0.0337/...
5F1=0.0293/...
Total 65.0 [53.0] 12.8 Total 41.6 15.9
aMass (MeV) from the LP model [17].
bMass (MeV) from the SP model [17].
cObserved mass (MeV) at LHCb [100, 101].
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TABLE V: Open-charm strong decay widths and amplitudes for the 5P charmonium states in the LP and SP models. The widths listed in the
brackets are calculated with the masses of observations.
State Mode
Width (MeV) Amps. (GeV−1/2)
State Mode
Width (MeV) Amps. (GeV−1/2)
LP SP LP/SP LP SP LP/SP
χc2(5P) DD 1.06 1.71
1D2=-0.0094/-0.0134 χc1(5P) D
∗D 2.05 3.03 3S 1=-0.0073/-0.0122
4892a/4575b D∗D 2.99 3.96 3D2=-0.0161/-0.0213 4870a/4563b 3D1=-0.0113/-0.0154
D∗D∗ 1.11 1.26 1D2=-0.0036/-0.0044 D∗D∗ 1.55 1.94 5D1=0.0121/0.0158
5S 2=-0.0018/-0.0021 D
∗
s Ds 0.21 0.26
3S 1=-0.0042/-0.0056
5D2=0.0093/0.0117
3D1=0.0016 /0.0021
DsDs 0.1 0.25
1D2=0.003/0.0055 D
∗
s D
∗
s 0.09 0.21
5D1=0.0031/0.0058
D∗sDs 0.1 0.1
3D2=0.003/0.0036 DD0 0.04 0.03
1P1=-0.002/-0.0021
D∗sD
∗
s 0.54 0.79
1D2=-0.0005/-0.0013 DD1 0.27 0.04
3P1=-0.0055/0.0028
5S 2=-0.0074/-0.0106 DD
′
1
1.11 1.88 3P1=-0.0113/-0.0186
5D2=0.0014/0.0035 DD2 1.03 0.73
5P1=0.002/-0.011
DD1 3.31 1.06
3P2=0.0018/0.00004
5F1=0.0109/0.0048
3F2=-0.0192/-0.0137 D
∗D0 0.7 1.78 3P1=0.0091/0.0185
DD′
1
0.53 1.46 3P2=-0.0077/-0.0162 D
∗D1 0.8 1.96 1P1=0.0008/-0.0002
DD2 1.67 0.29
5P2=-0.0025/0.0032
3P1=0.0033/0.0085
5F2=-0.0135/0.0068
5P1=0.0064/0.02
D∗D0 0.86 1.97 3P2=0.0099/0.0192 5F1=-0.0072/0.0052
D∗D1 1.32 0.49 3P2=-0.0009/-0.0017 D∗D′1 4.16 1.41
1P1=0.0005/-0.0001
3F2=-0.0074/0.0033
3P1=0.0233/0.0194
5P2=-0.0018/-0.0092
5P1=0.0012/-0.0003
5F2=-0.0104/0.0047 D
∗D2 0.36 0.61 3P1=0.002/0.0027
D∗D′
1
3.37 1.9 3P2=0.0217/0.0219
5P1=-0.0035/-0.0048
5P2=0.0018/-0.0003
5F1=0.001/-0.0022
D∗D2 1.56 2.06 3P2=0.0/-0.0008 7F1=0.0057/-0.0123
3F2=-0.0019/0.0022
5P2=0.0021/0.0021
5F2=0.002/-0.0023
7P2=0.0125/0.023
7F2=0.0062/-0.0073
Total 18.9 17.3 Total 12.4 14.2
χc0(5P) DD 0.52 0.02 [0.13]
1S 0=-0.0067/-0.0016 hc(5P) D
∗D 3.16 4.78 3S 1=-0.0051/-0.0087
4829a/4537b D∗D∗ 0.72 0.86 [1.4] 1S 0=-0.0083/-0.0099 4869a/4564b 3D1=0.0159/0.0219
[4506c] 5D0=-0.0014/0.0039 D
∗D∗ 1.02 1.32 3S 1=-0.0002/-0.0007
DsDs 0.97 0.86 [1.0]
1S 0=0.0096/0.0104
3D1=0.0099/0.013
D∗sD
∗
s 1.45 1.38 [1.1]
1S 0=0.0068/0.0063 D
∗
s Ds 0.14 0.18
3S 1=-0.003/-0.0039
5D0=0.0185/0.0139
3D1=-0.0022/-0.0031
DD1 2.41 6.19 [6.2]
3P0=-0.0108/-0.0345 D
∗
s D
∗
s 0.35 0.49
3S 1=-0.0056/-0.0076
DD′
1
8.11 3.7 [2.6] 3P0=-0.0314/-0.0269
3D1=0.0026/0.0047
D∗D0 6.17 3.02 [1.9] 3P0=0.0276/0.025 DD0 0.18 0.54 1P1=0.0044/0.091
D∗D1 3.37 0.32 [0.0] 3P0=-0.0215/-0.0095 DD1 0.01 0.0 3P1=-0.0011/-0.0009
D∗D′
1
12.53 0.02 [0.2] 3P0=0.0419/0.0024 DD
′
1
0.02 0.01 3P1=0.0015/0.0011
D∗D2 4.57 0.66 [0.1] 3P0=-0.0109/0.0017 DD2 2.02 0.74 5P1=-0.0025/0.0098
7F0=-0.0233/-0.0154
5F1=0.0153/0.007
D∗D0 0.02 0.0 3P1=-0.0016/-0.0009
D∗D1 1.07 1.62 3P1=0.0005/-0.0001
5P1=0.0064/0.0189
5F1=0.01/-0.0073
D∗D′
1
6.26 1.17 1P1=0.0287/0.024
3P1=0.0013/-0.0003
D∗D2 1.07 0.84 3P1=0.0008/-0.0004
5P1=0.0113/0.013
5F1=0.0041/-0.0092
Total 41 17 [15] Total 15 13
aMass (MeV) from the LP model [17].
bMass (MeV) from the SP model [17].
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TABLE VI: Open-charm strong decay widths and amplitudes for the 6P charmonium states in the SP models. The widths listed in the brackets
are calculated with the masses of observations.
State Mode Width (MeV) Amps. (GeV−1/2) State Mode Width (MeV) Amps. (GeV−1/2)
χc2(6P) DD 0.91
1D2=-0.0219 χc1(6P) D
∗D 1.16 3S 1=-0.0337
4696a D∗D 2.26 3D2=-0.0398 4687a 3D1=-0.0322
D∗D∗ 0.89 1D2= -0.012 D∗D∗ 0.73 5D1=0.0447
5S 2=-0.0284 D
∗
sDs 0.27
3S 1=0.0022
5D2=0.0317
3D1=0.0122
DsDs 0.13
1D2=0.0139 D
∗
sD
∗
s 0.13
5D1=0.0035
D∗sDs 0.10
3D2=0.0192 DD0 0.03
1P1=-0.0046
D∗s D
∗
s 0.31
1D2=0.0024 DD1 0.01
3P1=-0.02
5S 2=-0.0046 DD
′
1
1.87 3P1=-0.0188
5D2=-0.0064 DD2 0.38
5P1=0.0135
DD1 1.10
3P2=0.006
5F1=0.026
3F2=-0.0387 D
∗D0 1.61 3P1=0.0156
DD′1 0.56
3P2=0.00057 D
∗D1 1.39 1P1=0.0015
DD2 0.40
5P2=-0.0139
3P1=0.0064
5F2=0.0298
5P1=0.0122
D∗D0 0.88 3P2=0.0061 5F1=-0.0168
D∗D1 0.16 3P2=-0.0009 D∗D′1 2.62
1P1=0.0010
3F2=-0.0173
3P1=0.0449
5P2=0.0001
5P1=0.0022
5F2=-0.0244 D
∗D2 0.51 3P1=0.0043
D∗D′
1
2.08 3P2=0.0305
5P1=-0.0075
5P2=0.0032
5F1=0.0028
D∗D2 1.71 3P2=0.00003 7F1=0.0159
3F2=-0.0051
5P2=0.0031
5F2=0.0054
7P2=0.0177
7F2=0.0166
Total 11.5 Total 10.7
χc0(6P) DD 0.05 [0.004]
1S 0=0.0187 hc(6P) D
∗D 2.28 3S 1=-0.0243
4669a D∗D∗ 0.35 [0.33] 1S 0=-0.022 4688a 3D1=0.0451
[4704b] 5D0=0.0328 D
∗D∗ 0.62 3S 1=-0.0142
DsDs 0.42 [0.33]
1S 0=0.0028
3D1=0.0366
D∗s D
∗
s 0.73 [0.72]
1S 0=0.0111 D
∗
sDs 0.13
3S 1=0.0021
5D0=0.0119
3D1=-0.0175
DD1 2.04 [1.2]
3P0=-0.0005 D
∗
sD
∗
s 0.31
3S 1=-0.0077
DD′
1
3.19 [3.6] 3P0=-0.0417
3D1=-0.003
D∗D0 2.59 [2.7] 3P0=0.0346 DD0 0.85 1P1=0.0008
D∗D1 1.27 [1.5] 3P0=-0.0314 DD1 0.01 3P1=-0.0027
D∗D′
1
2.1 [3.5] 3P0=0.0552 DD
′
1
0.01 3P1=0.0037
D∗D2 1.77 [1.8] 3P0=-0.0156 DD2 0.45 5P1=-0.0155
7F0=-0.0123
5F1=0.0371
D∗D0 0.01 3P1=-0.0036
D∗D1 0.96 1P1=-0.00003
3P1=0.0009
5P1=0.0106
5F1=0.0244
D∗D′
1
4.09 1P1=0.053
3P1=0.0024
D∗D2 1.13 3P1=0.0012
5P1=0.0222
5F1=0.0127
Total 14.5 [15.7] Total 10.8
aMass (MeV) from the SP model [17].
bObserved mass (MeV) at LHCb [100, 101].
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TABLE VII: Open-charm strong decay properties for the 1D and 2D charmonium states in the LP and SP models.
State Mode
LP model SP model Amps. (GeV−1/2) Mass (MeV)
Γth (MeV) Br (%) Γth (MeV) [13] Br (%) [13] Γth (MeV) Br (%) LP/SP LP/SP
ψ3(1D) D
0D¯0 0.52 59 ... ... 0.53 60 1F3=0.015/-0.0153 3811/3808
D+D− 0.36 41 ... ... 0.36 40 1F3=0.0127/-0.0129
Total 0.88 100 0.5 100 0.89 100
ψ3(2D) DD 7.2 11 24 16 5.7 9
1F3=-0.0243/-0.0321 4172/4112
D∗D 29 45 50 34 25 40 3F3=-0.0756/-0.0752
D∗D∗ 20 31 67 45 28 44 1F3=-0.0243/-0.0191
5P3=0.0457/0.087
5F3=0.0534/0.0418
DsDs 5.5 8.5 5.7 3.8 4.2 6.7
1F3=0.0348/0.0329
Ds
∗Ds 2.9 4.5 1.2 0.8 0.2 0.3 3F3=0.0316/0.0109
Total 65 100 148 100 63 100
ψ2(2D) D
∗D 28 38 34 37 22 44 3P2=-0.0307/-0.0238 4165/4109
3F2=-0.068/-0.0661
D∗D∗ 28 38 32 35 18 36 5P2=0.0316/0.0491
5F2=0.0818/0.0633
Ds
∗Ds 18 24 26 28 10 20 3P2=-0.0764/-0.0801
3F2=0.0249/0.0081
Total 74 100 92 100 50 100
ηc2(2D) D
∗D 37 49 50 45 30 53 3P2=-0.0259/-0.0196 4164/4108
3F2=0.0823/0.0805
D∗D∗ 25 33 43 39 22 35 3P2=0.0439/0.0695
3F2=0.0701/0.0512
Ds
∗Ds 13 18 18 16 6.6 12 3P2=-0.0618/-0.0647
3F2=-0.03/-0.0095
Total 75 100 111 100 59 100
3871.52 3871.60 3871.68 3871.76 3871.84
0.1
1
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FIG. 2: The quasi-two-body decay width of X(3872) → D0(Dπ)D∗0
as a function of mass by assigning X(3872) as the χc1(2P) charmo-
nium state.
nent of the wave function. Therefore, our results actually can
be regarded as a support of such a view that the short-ranged
wave function is from the χc1(2P) state instead of concluding
that it is a χc1(2P) state. Since the physical state of X(3872)
is apparently different from a conventional charmonium state,
and there have been tremendous works discussing its dynam-
ics, we do not want to over-interpret it based on our approach.
2. X(4140) and X(4274)
In the SP model, the mass of χc1(3P) is predicted to be
∼ 4.19 MeV. Thus, the charmonium-like state X(4140) can
be a candidate for the χc1(3P) state. In this scenario its total
width is found to be ∼ 14 MeV, which is in agreement with
the world average data 19+8−7 MeV [1]. If X(4140) corresponds
to the χc1(3P) indeed, it may mainly decay into DD
∗, D∗D∗
and DsD
∗
s channels with comparable decay rates. The partial
width ratios between these decay modes are predicted to be
Γ(DD∗)
Γ(D∗D∗)
≃ 0.69, Γ(DsD
∗
s)
Γ(D∗D∗)
≃ 0.40, (20)
which can be tested in future experiment.
In contrast with the LP model calculations, the mass of
χc1(3P) is predicted to be ∼ 4.28 MeV which is close to
X(4274). Assigning X(4274) as the χc1(3P) state, we calculate
its strong decays in the LP model. It shows that the LP model
produces a narrow width of about 21 MeV which is close to
the lower limit of the measured width 56 ± 11+8−11 MeV [100].
The ratios between different partial widths, i.e. DD∗, D∗D∗
and DsD
∗
s , are predicted to be
Γ(D∗D∗)
Γ(DD∗)
≃ 2 × 10−3, Γ(DsD
∗
s)
Γ(DD∗)
≃ 1.8 . (21)
It is interesting to note that the recent analysis of the B+ →
J/ψφK+ process [102], and the study of the masses of csc¯s
tetraquark states [103] seem to favor that the X(4274) may be
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TABLE VIII: Open-charm strong decay properties for the 3D charmonium states in the LP and SP models. The widths listed in the brackets
are calculated with the masses of observations.
State Mode
LP model SP model Amps. (GeV−1/2) Mass (MeV)
Γth (MeV) Br (%) Γth (MeV) Br (%) LP/SP LP/SP
ηc2(3D) D
∗D 16 24 13 56 3P2=-0.0177/-0.0178 4478/4336
3F2=0.0415/0.0412
D∗D∗ 7.3 11 5.2 23 3P2=-0.0006/0.005
3F2=0.0324/0.0301
Ds
∗Ds 1.9 2.8 1.6 6.9 3P2=-0.01/-0.0146
3F2=-0.0137/-0.0105
Ds
∗Ds∗ 2.2 3.2 1.1 4.8 3P2=-0.0198/-0.0157
3F2=0.0051/0.0083
DD0 0.12 0.2 0.8 3.5
1D2=0.0048/-0.0141
DD1 0.02 0.02 ≈ 0 0 3D2=0.002/-0.0004
DD
′
1
0.03 0.04 ≈ 0 0 3D2=-0.0024/0.0008
DD2 14 21 0.9 3.9
5S 2=0.0397/-0.0263
5D2=-0.0187/-0.0144
5G2=-0.0413/-0.0009
D∗D0 0.01 0.01 ≈ 0 0 3D2=0.0012/-0.0006
D∗D1 7.9 11 ... ... 1D2=0.00005/...
3D2=0.0013/...
5S 2=0.0136/...
5D2=-0.0547/...
5G2=-0.0141/...
D∗D
′
1
9.6 14 ... ... 1D2=-0.0677/...
3D2=0.0036/...
5D2=-0.00003/...
D∗D2 8.1 12 ... ... 3D2=0.0013/...
5S 2=-0.0834/...
5D2=-0.0208/...
5G2=-0.001/...
Total 68 100 23 100
ψ3(3D) DD 4.5 6.4 3.4 14
1F3=-0.0226/-0.0212 4486/4340
D∗D 12 17 9.8 41 3F3=-0.0385/-0.0384
D∗D∗ 5.7 8.1 3.7 15 1F3=-0.0113/-0.0106
5P3=-0.0083/0.0013
5F3=0.0248/0.0232
DsDs 1.6 2.2 1.4 5.8
1F3=0.0145/0.015
Ds
∗Ds 1.4 2.0 0.7 2.9 3F3=0.0147/0.0115
Ds
∗Ds∗ 3.3 4.7 1.8 7.5 1F3=-0.0009/-0.0024
5P3=-0.0249/-0.0224
5F3=0.002/0.0053
DD1 9.8 14 0.5 2.0
3D3=-0.0022/0.0075
3G3=0.0463/0.0134
DD
′
1
0.8 1.1 2.5 10 3D3=0.0134/0.035
DD2 4.3 6.1 0.2 0.8
5D3=-0.0068/-0.0119
5G3=-0.0317/-0.0012
D∗D0 2.6 3.7 0.4 1.7 3D3=-0.0249/-0.0185
D∗D1 3.8 5.4 ... ... 3D3=0.0068/...
3G3=0.0103/...
5D3=0.0341/...
5G3=0.0133 /...
D∗D
′
1
7.6 11 ... ... 3D3=-0.0573/...
5D3=0.004/...
D∗D2 13 18 ... ... 3D3=0.0029/...
3G3=0.0007/...
5D3=-0.0053/...
5G3=-0.0007/...
7S 3=-0.086/...
7D3=-0.0418/...
7G3=-0.0018/...
Total 70 100 24 100
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TABLE IX: Open-charm strong decay properties for the 3D charmonium states in the LP and SP models. The widths listed in the brackets are
calculated with the masses of observations.
State Mode
LP model SP model Amps. (GeV−1/2) Mass (MeV)
Γth (MeV) Br (%) Γth (MeV) Br (%) LP/SP LP/SP
ψ2(3D) D
∗D 13 21 11 42 3P2=-0.0208/-0.0215 4478/4337
3F2=-0.0343/-0.0339
D∗D∗ 9.8 16 6.9 26 5P2=0.0003/0.0038
5F2=0.0376/0.0351
Ds
∗Ds 1.9 3.1 2.0 7.7 3P2=-0.0129/-0.0182
3F2=0.0111/0.0087
Ds
∗Ds∗ 1.3 2.1 0.7 2.7 5P2=-0.0143/-0.0113
5F2=0.0062/0.0096
DD0 0.22 0.4 0.08 0.3
1D2=0.0063/0.0045
DD1 0.01 0.01 1.9 7.3
3D2=-0.0011/-0.0289
DD
′
1
2.5 4.1 2.5 9.6 3D2=0.0239/0.0355
DD2 15 24 1.0 3.8
5S 2=-0.0496/0.0294
5D2=0.0125/0.0091
5G2=-0.034/-0.0008
D∗D0 3.7 6.1 0.3 1.2 3D2=-0.0303/-0.0169
D∗D1 5.7 9.3 ... ... 1D2=0.0022/...
3D2=-0.029/...
5S 2=0.0166/...
5D2=-0.0345/...
5G2=0.0116/...
D∗D
′
1
6.5 11 ... ... 1D2=0.0015/...
3D2=-0.0557/...
5D2=0.0039/...
D∗D2 1.9 3.1 ... ... 3D2=-0.0053/...
5S 2=0.0344/...
5D2=0.0052/...
5G2=-0.0003/...
7D2=-0.0216/...
7G2=-0.0012/...
Total 61 100 26 100
ψ1(3D) DD 2.1 [1.2] 3.3 3.0 [3.4] 15
1P1=0.0156/0.0202 4456/4324
D∗D 0.4 [0.02] 0.6 0.5 [0.8] 2.5 3P1=-0.0068/-0.0089 [4415/4341]
D∗D∗ 11 [6.4] 17 8.1 [10] 42 1P1=-0.0061/-0.0079
5P1=0.0027/0.0035
5F1=0.0402/0.0376
DsDs 0.2 [0.56] 0.3 0.1 [0.05] 0.5
1P1=0.0053/0.0046
Ds
∗Ds 1.6 [2.1] 2.5 1.6 [1.4] 8.2 3P2=-0.0159/-0.0182
Ds
∗Ds∗ 2.2 [2.9] 3.4 0.9 [1.1] 4.6 1P1=0.012/0.007
5P1=-0.0054/-0.0031
5F1=0.0163/0.0155
DD1 21 [26] 33 3.6 [9.7] 19
3S 1=-0.0684/-0.0295
3D1=0.0175/0.0317
DD
′
1
5.8 [7.1] 9.1 1.6 [3.2] 8.2 3S 1=-0.00004/0.0
3D1=0.0377/0.0314
DD2 4.1 [6.2] 6.4 ... [0.5] ...
5D1=0.0333/...
D∗D0 7.2 [8.7] 11 ... [0.7] ... 3D1=-0.044/...
D∗D1 6.8 [0] 10 ... [...] ... 3S 1=0.0347/...
3D1=0.0273/...
5D1=-0.0437/...
D∗D′
1
1.8 [0] 2.8 ... [...] ... 3S 1=0.00004/...
3D1=-0.0354/...
5D1=0.002/...
Total 64 [61] 100 20 [31] 100
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the conventional χc1(3P) state. If X(4274) is assigned as the
χc1(3P) state, then one immediate question is how to under-
stand X(4140). In Ref. [102] the analysis suggests that the
X(4140) structure may not be a genuine resonance. There are
possibilities for a non-resonance interpretation for Y(4140),
such as the DsD
∗
s CUSP [100, 101], or DsD
∗
s rescatterings via
the open-charmed meson loops [102]. To better understand
X(4140) and X(4274), experimental studies of their open-
charm decay modes, i.e. DD∗, D∗D∗ and DsD∗s, are strongly
recommended.
D. Candidates of higher cc¯ states with JPC = 0++
The higher cc¯ states with JPC = 0++, such as χc0(2P),
χc0(3P) and χc0(4P), have not yet been established. Re-
cently, several JPC = 0++ charmonium-like states, X∗(3860)
and X(4500, 4700) have been observed at Belle [2] and
LHCb [100], respectively. They might be good candidates for
these missing JPC = 0++ cc¯ states.
1. X∗(3860)
The charmonium-like state X∗(3860) observed in the
e+e− → J/ψDD¯ by the Belle Collaboration [2] serves a good
candidate for the χc0(2P) state. Its measured mass and width
are 3862+26+40−32−13 MeV and 201
+154+88
−67−82 MeV, respectively, and
fits the expectation of the χc0(2P) state predicted in the poten-
tial models.
Considering X∗(3860) as the χc0(2P) state we study its
strong decays into DD in the LP and SP models. Our results
are listed in Table III. Both models give a similar value of
Γ ≃ 22 ∼ 28 MeV, which is rather narrow. Our results are
consistent with that from Ref. [13]. Note that the present ex-
perimental width is not well determined. In contrast, results
from different theoretical calculations are still controversial.
For instance, the recent analysis of Ref. [104] found a small
width about 11 MeV for the χc0(2P) state [104], while the
analysis of Ref. [30] in a 3P0 model obtained a large width
of 110 ∼ 180 MeV. This suggests that further precise mea-
surement of the X∗(3860) and more theoretical studies of the
χc0(2P) state are necessary. We mention that tetraquark inter-
pretations were also proposed for the nature of X∗(3860) in
the literature [105, 106].
2. X(4500/4700)
Recently, two JPC = 0++ charmonium-like state X(4500)
and X(4700) were observed in the J/ψφ invariant mass dis-
tributions in B+ → J/ψφK+ at LHCb [100, 101]. The mea-
sured widths of X(4500) and X(4700) are 92±21+21−20 MeV and
120 ± 31+42−33 MeV, respectively. To understand the nature of
these two structures, different interpretations have been pro-
posed in the literature [103, 107–110]. In this work we con-
sider the possible assignments of these two states as conven-
tional charmonium states.
In the LP model the predicted mass of χc0(4P), M ≃ 4544
MeV, is close to the mass of X(4500), 4506±11+12−15 MeV. Con-
sidering the X(4500) as the χc0(4P) state, we study its strong
decay properties and the results are listed in Table IV. It is
shows that the calculated total width, Γ ∼ 50 MeV, is com-
patible with the measured value of X(4500) within its uncer-
tainties. In Ref. [111], the X(4500) was also considered as the
conventional χc0(4P) state in the coupled-channel approach.
If X(4500) is the χc0(4P) state indeed, it may dominantly de-
cay into the DD1, DD
′
1
, D∗D0 and D∗D2 channels, and the
branching fractions are about O(10%). In contrast, the decay
rate into DD channel is relatively small, which is is predicted
to be Br[X(4500) → DD] ∼ 10−3. Such a small branching
ratio may be difficult to observe in experiment.
In the SP model the predicted mass of χc0(5P) is 4537
MeV, which also makes X(4500) a good candidate. Assign-
ing X(4500) as the χc0(5P) state, the strong decay properties
of X(4500) are studied and the results are listed in Table V.
It shows that the χc0(5P) state should be very narrow in the
SP model with a width of Γ ≃ 15 MeV. Its dominant decay
modes are the DD1 and DD
′
1
channels. One notices that the
total width in the SP model is about a factor of 4 smaller than
the observed width of X(4500).
In the SP model the predicted mass of χc0(6P) is about
4669 MeV, which is very close to that of X(4700). Consid-
ering X(4700) as the χc0(6P) state, we find that the predicted
width is about 16 MeV (see Table VI), which is too narrow to
be comparable with the observed width 120 ± 31+42−33 MeV of
X(4700). Although the mass seems to fit the experimental ob-
servation, the significant discrepancy in the width raises ques-
tions on the structure of X(4700). In Ref. [102], the X(4700)
is explained as the ψ′φ rescattering via the ψ′K1 loops. The
X(4700) resonance might be a candidate of charmonium hy-
brid, for its mass is close to the charmonium hybrids with
JPC = 0++ predicted in Ref. [10].
In brief, we find that as the χc0(4P) state the mass and width
of X(4500) can be understood in the LP model. In contrast,
although the masses of both X(4500) and X(4700) can be de-
scribed by the SP model, their widths appear to be difficult to
understand.
E. Candidates of higher cc¯ states with JPC = 2++
The X(4350) found by Belle [112] in the φJ/ψ mass spec-
trum has been a good candidate for the χc2(3P) state with
JPC = 2++. The extracted mass and width are 4350.6+4.6−5.1± 0.7
MeV and 13+18−9 ± 4 MeV, respectively. In Ref. [44] such a
possible assignment was also considered.
In the LP model the calculated mass of χc2(3P) is about
4310 MeV, which is very close to the mass of X(4350). As-
signing the X(4350) as the χc2(3P), we study its strong de-
cays and the results are listed in Table. III. Its width is found
to be about 90 MeV, which is much larger than the observed
value. This indeed raises questions on such an assignment.
Note that the present experimental information is still very
rough. Therefore, future experimental search for its decays
into DD∗, DD, D∗D∗ and D∗sD
∗
s are strongly recommended.
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F. Candidates of higher cc¯ states with JPC = 0−+
The X(3940) was first observed by the Belle Collaboration
in e+e− → J/ψ + X [113]. This state is also established
in the invariant mass spectrum of D∗D¯ in e+e− → J/ψD∗D¯
process [114]. The updated mass and width of X(3940) are
M = 3942+7−6 ± 6 MeV and Γ = 37+26−15 ± 8 MeV, respectively.
Its decay into DD∗ but not DD suggests that it has unnatural
parity. The most likely interpretation of X(3940) is that it is
the ηc(3S ) state with J
PC = 0−+ [9], although the predicted
mass in potential models appears to be higher than the obser-
vations.
Considering X(3940) as the ηc(3S ) state, we analyze its
strong decays in both the LP and SP models and the results are
listed in Table II. Due to the limited phase space, it shows that
the DD∗ channel is the only open-charm decay for X(3940).
Furthermore, in the SP model the decay width is predicted to
be about 40 MeV, which is in good agreement with the mea-
surements. We also mention that the width is consistent with
the calculation result from the Bethe-Salpeter method [39]. So
far, the X(3940) turns out to be a good candidate for ηc(3S )
according to its strong decay properties.
IV. SUMMARY
In this work we carry out a systematical study of the open-
charm strong decays of the higher charmonium states up to
the mass of the 6P multiplet within the 3P0 model. The wave
functions of the initial charmonium states are adopted from
the calculations by the LP and SP models in our previous
work. Several key results from this study can be learned here:
• The decay widths for the well-established charmonium
states ψ(3770), ψ(4040), ψ(4160) and χc2(2P) can be
reasonably described in the LP and SP models, although
for ψ(4040) and ψ(4160) some partial width ratios be-
tween the open-charm decay modes appear to have
large discrepancies with the data.
• In the LP model, the ψ(4415) favors the ψ(4S ) assign-
ment, while the possibility of ψ(4415) as the ψ1(3D)
state cannot be excluded. There may exist two highly
overlap JPC = 1−− charmonium states around 4.4 GeV.
• In the LP model, the charmonium-like states X(4500)
and X(4660) could be assigned as the χc0(4P) and
ψ(5S ) states, respectively.
• The newly observed state X∗(3860) seems to be too
broad if it is classified as the χc0(2P) state. Our calcu-
lation shows that the χc0(2P) state should be a narrow
state with Γ ≃ 30 MeV.
• The X(3940) favors the assignment as the ηc(3S ) state,
although the predicted mass in the potential models is
somehow higher than the experimental data.
• The X(4140) resonance may be a good candidate of the
χc1(3P) state in the SP model, while in the LP model
X(4274) seems to favor the χc1(3P) state. However,
since it is difficult to accommodate these two states in
the same model, future studies of these two states are
needed for a better understanding of their nature.
• The vector charmonium-like states, Y(4230/4260) and
Y(4360), and the scalar charmonium state X(4700) can-
not be accommodated by the conventional charmonium
spectrum.
In brief, we show that a systematic study of the charmonium
spectrum in the LP and SP models is useful for identifying un-
usual features arising from some of those higher charmonium-
like states recently observed in experiment. We anticipate
that future experimentalmeasurements of some of those open-
charm decay channels should be helpful for pinning down
both conventional and unconventional charmonium states and
provide more insights into the underlying dynamics in the
charmonium mass regime.
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